Safety shoes worn in cold climates need to protect the wearer from work hazards while at the same time offering thermal comfort 1) . Ordinary street shoes can do a good job of keeping feet warm and comfortable within a wide temperature range of -5 to +25˚C under normal activities and with the body's own thermal reaction and heat redistribution. However, added moisture at +15 to +20˚C in combination with low activity may easily cause local cold discomfort. Total foot comfort is determined by the interaction of socks, soles and shoes. In order to choose correct footwear for cold weather it is necessary to define what is meant by cold in various user conditions. Such an approach may also eliminate some of the conflicting requirements from the footwear properties "wish list", including mobility, protection, insulation, waterproofing, vapour permeability, durability, weight, fit, etc. 2) .
Introduction
Safety shoes worn in cold climates need to protect the wearer from work hazards while at the same time offering thermal comfort 1) . Ordinary street shoes can do a good job of keeping feet warm and comfortable within a wide temperature range of -5 to +25˚C under normal activities and with the body's own thermal reaction and heat redistribution. However, added moisture at +15 to +20˚C in combination with low activity may easily cause local cold discomfort. Total foot comfort is determined by the interaction of socks, soles and shoes. In order to choose correct footwear for cold weather it is necessary to define what is meant by cold in various user conditions. Such an approach may also eliminate some of the conflicting requirements from the footwear properties "wish list", including mobility, protection, insulation, waterproofing, vapour permeability, durability, weight, fit, etc. 2) .
Based on this approach and footwear thermal properties, cold may be divided into the three ranges: cool (above +5˚C); around the freezing point of water (+5 to -10˚C); and cold (below -10˚C). For temperatures above +5˚C no specific consideration of footwear insulation is required. Most ordinary shoes and occupational footwear have a total insulation around and above 0.20 m 2˚C /W. This insulation should be enough to keep feet warm with medium-heavy activity at temperatures down to +5˚C. The use of somewhat thicker socks (e.g. sports socks in terry cloth) does affect the situation by maintaining warmth. For this range, footwear should be chosen to keep external moisture from entering and/or to allow internal moisture to leave the footwear.
The temperature range of +5 to -10˚C is the most complicated due to changing weather conditions around the freezing point of water (0˚C). In this range, considerations for footwear choice should include both protection from external moisture and the need for greater insulation.
At temperatures below -10˚C there is less external moisture available to penetrate the footwear, while moisture from sweating does not easily leave footwear due to low temperatures (condensation) in the outer layers of the footwear material package. In these conditions high footwear insulation and internal moisture management properties of the materials increase in importance.
It is important to take proper care of one's feet and footwear under any defined user condition. Ways of drying the footwear should be considered in particular. In addition, many special cases may be present that change the requirements (e.g. footwear for work in food industries with specific temperatures, work with water, or hiking boots for extreme cold that need to consider the risk of water under a weak layer of ice).
Feet in Cold

Factors affecting foot cooling
Foot temperature is related to a number of different factors such as activity, insulation and cleanliness. The feet are comfortable when the skin temperature is about 33˚C and the relative humidity next to the skin is about 60% 2) . Feet start feeling cold at toe temperatures around 25˚C, while discomfort from cold is noted at temperatures under 20-21˚C 3) . A further decrease of the foot temperature below 20˚C is associated with a strong perception of cold 4) (Fig. 1) .
The extremities are more affected by cold exposure than other body parts. The hands and feet have a surface area which is large in relation to their volume. Extremities have little local metabolic heat production because of their small muscle mass, and the capacity to generate heat decreases with tissue temperature. The heat balance of the extremities relies greatly upon heat input of warm blood from the body core. Extremity blood flow is under thermoregulatory control and is often reduced in the cold when heat production is moderate to low. It is also the case that the feet are often the only parts of the body that are in contact with the ground while hands are in contact with surfaces during manual materials handling. Standing jobs including meat cutting in the food industry and signalling at harbours result in cooling of the feet through intensive heat loss by conduction and lower heat input from blood flow.
Although walking increases convective heat loss, it simultaneously reduces the contact time and area with the cold surfaces. Walking also results in increased heat production and better blood circulation to the feet and in this way promotes higher foot temperatures. With exercise it is possible to warm up the extremities or at least reduce the cooling, but the duration of exercise has to be over 10 min in order to warm up cold toes. An 8 h long study at -10˚C 5) showed that the foot and toe temperatures increased during exercise (240 W/m 2 ).
The quick rewarming of feet during exercise was partly related to pumping warm air from the calf area and warm blood through calf muscles. The rewarming of toes started only after 15-20 min of exercise. Other authors have also observed the later onset of the recovery of toe skin temperature 6) .
The entire body's thermal insulation affects the local thermal condition and the local insulation has an effect on the total thermal comfort 7) . If the clothing insulation covering the body is inadequate and a person generally feels cool, he will often notice it in his feet where the skin temperature is normally the lowest because of vasoconstriction. Cold feet may actually be a symptom of general cold discomfort 8) . On the other hand, if feet are inadequately protected the feeling of cold discomfort will dominate in spite of proper clothing on the rest of the body. Williamson et al. 9) showed that an average toe skin temperature drop of 4˚C (from 28 to 24˚C) corresponded to a 14% increase in discomfort sensation, while in hands the skin temperature drop of 7.0˚C (from 31˚C) increased the discomfort sensation by 10%.
Cold and pain sensation in feet
Thermal and pain sensations are well related to foot skin temperatures in spite of considerable individual variation. However, the temperature in toes is commonly lower than in the whole foot when one complains of cold and pain. Thermal neutrality and warm sensations correspond to similar temperature levels in both toes and feet on the whole (above 25˚C), while during strong cold sensations the toe skin temperature is about 5˚C lower than the mean foot skin temperature (Fig. 1) . The picture is even clearer with pain: there is no pain when temperatures stay above 25˚C, while the first signs of pain commonly appear when toe temperatures drop to about 15˚C. Further pain sensation grows quickly, without considerable decrease in skin temperature and can already become intolerable before dropping to 10˚C. Pain sensation is an important physiological alarm signal -something has to be done at once. If the skin temperature drops below 7˚C then numbness develops and the risk for cold injury increases 10) . Tanaka et al. 11) showed that cold and pain sensation during immersion of feet in cold water was strongest during the second minute of exposure when the constant skin temperature change was quickest. Later the temperature drop slowed down, and pain and cold sensations were reduced. In another study 12) a similar trend was noted. Generally, it took longer with many short exposures to reach the same skin temperature than with few long exposures. There was lower pain and cold sensation during short exposures, although final skin temperatures were approximately as low. The sensation of cold or pain is often connected with a particular foot part: heel or more often toes. Since thermal sensation depends mostly on the temperature of the coldest part of the leg, then the cold protection of toes is important for comfort, and the local temperatures can be recommended as the limiting criteria for the exposure.
Foot and Footwear Related Injuries in Cold
Cold
One of the biggest sources of complaints for outdoor workers regarding their thermal work environment is cold feet. The next biggest problems are related to sweaty or wet feet, slipping, fit and protection from work hazards 1, [13] [14] [15] . According to statistics from the Swedish National Board of Occupational Safety and Health on cold injuries at work, over 70% involved the hands and feet 16) . People's work performance depends to a large extent on their thermal status. For many occupations personal mobility is of great importance (e.g. foresters, farmers, industrial and construction workers, military personnel). Personal mobility depends to a great extent on legs and feet, and their condition is largely dependent on the footwear.
Combat conditions involve both mobile and standing still situations. An additional difficulty in combat conditions is that soldiers often do not have opportunities to take off their boots, dry them or just go in somewhere and warm themselves up 2, 17, 18) . The role of the officer in setting adequate hygienic routines in field conditions cannot be underestimated.
Military history is the one of the best documented and most informative on the effects of cold on (occupational) exposure. One can go back to antiquity to Hannibal, for example, who lost half his troops crossing the Alps. Closer in time, quite detailed records are available on Napoleon's campaign in Russia, World Wars I and II and more. In Nordic history there are several cases where troops were not prepared for the cold such as the retreat of Swedish troops from Norway after the death of Carl XII and the Russians expecting a quick victory in the Winter War against Finland 19) .
Even in recent campaigns such as the Falklands conflict, both sides had to pay a toll in cold injuries. The most common problems during the Falklands conflict were the poor performance of boots and feet condition 18) . Considerable documentation is available about frostbite on feet, trench foot, etc. Frostbite occurs when skin temperature falls below its freezing point and tissue freezes. The recovery period is accompanied by easily visible changes, such as blistering and gangrene 2, 20) .
The incidence of trench foot has been noted in environments with ambient temperatures from just below to well above freezing. Causal factors are cold, moisture, immobility, tightness of the boots and other restrictions to normal circulation. Typically, the first sign is loss of sensation in the toes 2, 20, 21) .
Mechanical injuries
Endrusick 22) studied different types of boots for the US Navy. He found that if the boots lacked an integrated steel safety toe, the personnel were at a higher risk for severe foot injuries. In a questionnaire survey by Bergquist and Abeysekera 1) the highest reported problem was footwear thermal comfort (57%). Of this, 43% related to discomfort and cold sensation associated with the steel toe cap and its alleged cooling effect. However, according to many studies [23] [24] [25] work shoes with steel caps and steel soles were not thermally different from the same models without steel enforcements. On the contrary, Kuklane et al. 26) showed that the steel toe actually adds insulation to the footwear with low insulation. However, these observed insulation differences were not significant from the practical viewpoint when considering the differences in foot skin temperatures or in subjective responses. The differences were observed in the "after effect" of steel toe capped footwear. This effect can be related to slower warm-up of toes in footwear with a steel toe cap that has a higher thermal inertia (ca 100 g extra mass). After cold exposure the toe temperatures start to warm up after 5-15 min of a warm break or exercise 5, 6, 12, [26] [27] [28] .
The length of warm breaks is often in that range. If the footwear is not removed, the slower warming of the steel toe caps also keeps toe temperatures at lower levels. One recommendation would be to take off the footwear during breaks and let the feet breath and the socks and boots dry.
Slipping
However, cold injuries in feet are not the most common problems caused by improper boots in cold environments. Injuries due to slipping and falling are more frequent 25, 29) . The sole needs to be designed according to the intended use of the footwear to avoid slipping and stumbling. Chiou et al. 30) , Gao et al. 31) and Rowland et al. 32) describe methods for testing slipping and show interesting results. Often the materials that have good friction on a lubricated metal plate may not be good for ice and snow as the materials tend to become hard in the cold and thus lose their "grip". The materials may change their properties at temperatures below 0˚C and with abrasion. The friction properties of the ice and snow also change with different temperatures 31, 33) . At temperatures above 0˚C, ice and trampled snow may be covered with a water film that acts as a lubricant. At lower ambient and walking surface temperatures, the warm sole temperature of footwear can create a thin water film between the sole and the walking surface, especially when leaving indoor environments. At very low temperatures materials tend to harden and turn more slippery while ice and snow turn less slippery. Expectations and experience of people may also influence slipping and falling accidents 34) . It is a known phenomenon that on the first days of snow and cold the emergency units are very busy.
Considering the exposure temperature ranges defined for cold protective footwear in the introduction, the corresponding coefficient of friction (COF) of sole material should be tested, for example, in the following way: footwear for temperatures above +5˚C should have the sole material COF measured on moist or lubricated materials (tiles, metal), and footwear for temperatures below -10˚C should have the sole material COF measured on hard ice and with footwear conditioned in cold.
Tests have shown that on wet ice practically all shoe materials are very slippery 31, 33) . Thus, these tests may not be very meaningful and shoes for the range of +5 to -10˚C should be tested by both methods. Of course, occupational exposure can provide rather different combinations of temperatures and ground conditions (e.g. work in cold stores and on boats). Thus, any given friction value should be treated as additional information, and one has to have experience or acquire more information in order to choose correct footwear.
Footwear Insulation
Relevant information on cold protective properties such as insulation can help the user in the selection of footwear. It is important to consider how to communicate the measured insulation and water vapour resistance values to the users. The insulation becomes a more important factor at lower environmental temperatures and with activity: the heat generated is better trapped in boots with higher insulation. However, there are also other ways to reduce heat loss such as auxiliary heating by warm air or water circulation and electrical heating 35, 36) . Various types of PCM (phase change materials) have also been taken into use in the apparel industry [37] [38] [39] . For a functioning PCMbased system, the main question is to select the correct location and melting point of the material that corresponds to the user requirements (e.g. activity, ambient conditions).
All the methods cannot be easily utilized in the footwear for various reasons such as the effect of increased footwear weight on energy consumption, restricted space inside footwear, effect of footwear outer size on ease of movement, placement of additional weight on footwear from the viewpoint of changing the centre of gravity of the foot and maintaining balance while walking. Increase in footwear weight by 100 g will increase oxygen consumption by about 0.7-1.0% [40] [41] [42] [43] . The weight added to footwear is equivalent, in energy cost, to about five or more times the weight carried on the torso [43] [44] [45] . Other types of problems may emerge as well with auxiliary heating connected with equipment, activities and logistics 35) .
PROTECTION OF FEET IN COLD EXPOSURE
Measuring insulation
The present European (CEN) and international (ISO) standards for safety, protective and occupational footwear [46] [47] [48] [49] do not measure insulation but classify footwear as cold protective by a simple pass/fail test. It is doubtful that such a test is sufficiently accurate for thermal testing 50) . For example, the same footwear that achieves good thermal comfort at -10˚C when walking may be too cold for standing at the same temperature or walking at -25˚C, and too warm to be used at +10˚C. It is also the case that practically any professional footwear can pass the test 51) .
If insulation, environmental temperature and activity level (heat input to feet) are known then it is possible to choose correct footwear with the required insulation for particular conditions. It is also possible to estimate the change in foot skin temperatures: by considering dynamic changes one can determine recommended exposure time according to threshold limit values for cold sensation, strong cold sensation or pain sensation 52, 53) .
The thermal foot method 23, 53, 54) allows for an evaluation of the footwear as an entity, and provides feedback to manufacturers on the footwear as a whole as well as on separate areas. The method also provides useful information to customers. The results can be used in prediction models 55, 56) to estimate the insulation need, exposure time or what happens under certain conditions, and provide recommendations for use accordingly.
The thermal foot model is a physical model of a human foot that can be heated to and controlled at a given model surface temperature (T s ). At a constant ambient temperature (T a ), the power to model stabilizes depending on the temperature gradient between the model surface and environment, and insulation of the footwear. The power to the model in a stable state is equal to the heat loss through the tested footwear. Knowing the area (A) of the foot model and its different zones (toes, sole, heel, etc.), and measuring the power (P) to it/them and the temperature gradient enables the calculation of the total insulation (I T ) of the footwear or separate zones according to the equation:
The insulation can be defined differently according to measuring conditions and further analysis. More information on this can be acquired in different standards definition sections 57, 58) .
Footwear thermal insulation can also be measured on human subjects 59) . The insulation values from thermal foot model measurements are well correlated with the insulation measurements on human subjects 60) . The results are more similar if the subjects are at thermal comfort. If the demand for total and local thermal comfort is not met, then uncertainty in the measurement on human subjects increases showing higher insulation measured on humans than on thermal models [60] [61] [62] , and the extremities are more affected. Figure 2 provides information for the choice of footwear based on the criteria of foot skin temperature for two activity levels. The model assumes relatively even temperature and insulation distribution over the whole foot surface. Based on the figure, certain footwear insulation can be suggested for some temperature ranges. Another approach would be to define critical foot skin temperatures and calculate required footwear insulation based on exposure time and ambient conditions 63) . This method considers the estimated cooling rate of the feet and also allows the use of footwear with lower insulation for a time limited exposure.
Use of insulation values
Field studies have confirmed the relevance of the use of the thermal foot method for footwear testing regarding its thermal protection 15, 64, 65) . However, when choosing footwear by activity level, it is also important to consider the effects of wind, walking and moisture on insulation (Fig. 3) . When standing, the contact cooling of soles is a big source of heat loss and the good insulation of soles is especially important. Considering the weight carried by soles, the sole insulation material should not be easily compressed.
Size effects
The insulation properties of shoes to a great extent depend on the amount of air trapped inside the fabric and between the foot and the shoe. The insulation can be increased with an extra pair of thick socks 66, 67) . However, it is important that the shoes are big enough to accommodate thick socks. Attempting to increase the insulation by thicker or more socks in tight-fitting footwear may squeeze out the air that is replaced by conducting fibres. At the same time compression of the foot can occur and this reduces the circulatory heat delivered to it 25, 60, 68) . Footwear that is one size smaller than it should be can reduce insulation by almost 10% 69) . The use of footwear that is much too big does not add considerably to insulation (less than 4%) if the space is not filled with a material (sock) that restricts the air motion (convection) inside the footwear. At the same time, footwear that is too big and loose-fitting affects performance and increases the risks for stumbling and falling.
Socks
Sock insulation is related to the material thickness and air trapped in and in between the fibres (Fig. 4) . There is a clear difference between socks with various material thickness/weight. If the space in footwear allows, then thick socks or several pairs of socks should be used in cold. However, two pairs of thinner socks instead of one pair of thick socks are more efficient from the insulation viewpoint. Adding several layers of socks also adds to the insulation due to the still air layer between the sock layers (Fig. 4) .
For the footwear-sock system the insulation increase may not be as clear as when looking at socks alone. It depends on the footwear insulation -boots with low insulation gain relatively more from socks than well insu-PROTECTION OF FEET IN COLD EXPOSURE 247 Fig. 2 . Required footwear insulation in relation to activity and ambient air temperature. Toe skin temperature above 25˚C corresponds to a thermal comfort without strong sweating response, and above 15˚C corresponds to a strong cold sensation but no pain. The figure includes some footwear as examples: a leather boot without warm lining; a winter boot with impregnated leather, Thinsulate ® and nylon fur lining; a three-layer boot for extreme cold consisting of two felt inner boots and a nylon outer layer; an arctic fur boot was measured on human subjects in Russia (Afanasieva, personal communication). Modified from Kuklane 53) . lated footwear (Fig. 5) . The gain from socks in insulated footwear is counteracted by the compression of longer insulation fibres. When walking, the internal convection is more powerful and those loose fibres would have less effect. In dynamic tests the effect of socks would be higher for both types of footwear (Figs. 3 and 5) .
Socks are also important for moisture management. Large amounts of moisture can stay in socks and can be easily removed by changing the socks. This is especially important for footwear of airtight and non-absorbing materials during cold exposure and for well insulated footwear during prolonged exposure (Fig. 6 ).
The Effect of Moisture in The Footwear
Initial footwear insulation is an important factor for keeping feet warm; however, the activity of subjects and moisture in the footwear strongly influence foot temperatures. Often the cold sensation in the feet is related to low skin temperatures due to sweating and moist feet. The footwear can be well insulated, but when it gets wet, whether from an outside or inside source, the feet start feeling cold. Dry fibres and air between them are good insulators. The problem occurs when air in and in between fibres is replaced by moisture. After a prolonged soak (outer source) the footwear may lose up to 35% of its insulation even in (leather) footwear that is intended for conditions where contact with water is expected 22) .
Sweating in feet
The latest studies have shown that in heat, a foot may sweat about 30 g/h and in some cases even up to 50 g/h 70, 71) . In these studies the subjects were exposed to extensive heat stress. In cold the body and especially foot temperatures stay much lower which suppresses sweat secretion. During relatively heavy exercise in cold the average sweat rate stays around 10 g/h per foot 72, 73) . During occupational exposure the sweat rates are expected to be around 3-6 g/h 72) . Gran 74) supposed that the sweat rate in feet changes on average from 3 g/h during rest to 15 g/h during hard work. Eventually, during very heavy exercise the sweat rates may reach on average of 30 g/h per foot even in cold 15) .
Moisture in footwear
Footwear, especially protective footwear for occupational use, is often made of impermeable or semi-permeable materials. Impermeable materials do not allow moisture from the outside to make the insulation wet. At the same time, almost all the moisture from sweat condenses inside such boots. Leather footwear can breathe to some extent depending on the leather, leather treatment and type of shoe care used. Shoe polish and leather treatment protect from outside moisture. However, long work days in a wet environment and snow can quickly cause the protective layer to wear off. From this point of view, days with changing weather and wet melting snow are the worst 75) . During colder weather (below -10˚C) moisture from the outside is generally not a problem. In cold conditions the condensation of sweat can be the major problem. In this way the insulation is gradually reduced and Tests were carried out at -10˚C with an up and down motion in order to simulate the pumping effect. The tests for one day included water supply to the foot model and footwear system at the rate of 5 g/h for 8 h, followed by storage at ordinary room temperature until the next morning. On the weekend the footwear was only weighed in the morning. Modified from Kuklane et al. 78) . When walking, the relative effect of the socks would be expected to be stronger for both types of footwear due to reduced internal convection. Modified from Kuklane et al. 67) .
the feet are exposed to quicker cooling.
Footwear insulation reduction depends on the sweat rate, the evaporation-condensation rate, the absorption capacity of the footwear materials, moisture transport in it and environmental conditions 66, [76] [77] [78] . The various effects of moisture in protective clothing have been studied more extensively in recent years [79] [80] [81] . Moist layers (not fully saturated) may increase the heat loss by about 5%, while increased heat loss due to the "heat pipe" effect may reach up to 40%. In addition, evaporation increases heat loss even more, but in thick winter footwear in the cold this effect would probably be below 10%. The insulation reduction stabilizes when the balance between sweat rate, evaporation, condensation and sweat transport is reached (Fig. 7) . Further insulation reduction depends mostly on wetting of insulation layers that increases heat conductivity.
A sweat rate of 3 g/h may increase the heat loss by 9-19%. Higher sweat rates (10 g/h) can increase heat loss by 19 to 36% depending on the initial insulation of footwear (Fig. 8) . The reduction is greater in boots with an insulation layer. However, for footwear without a special insulation layer it may mean that the heat loss is as high as from bare but dry feet in the same conditions.
Pumping effect and air permeability
During walking or other activities where feet are involved the air moves in footwear. The so-called pumping effect is a good way to get rid of water vapour. In ordinary shoes the pumping effect removes about 40% of humidity 74) . In cold, the pumping effect may also remove a considerable amount of heat, and thus may need to be avoided (Fig. 3) . The evaporation due to the pumping effect in winter footwear, and evaporation in general at subzero temperatures is usually less than 5% 66, 72, 77, 78) . It may be related to the insulation of the shaft sitting relatively tight around the leg.
Cold protective footwear should have and commonly has an outer layer that is relatively airtight. High air permeability in cold wind allows quick cooling of the skin even in otherwise well insulated clothing. In winter boots the insulation reduction due to walking is commonly less than 10% 78, 82) . In footwear without warm lining the effect is greater, about 30% 23, 82) . The reduction during walking can be partly related to the effect of increased external convection, partly to the pumping effect. In the case of winter footwear with warm lining the air stays relatively still, while in more loose fitting footwear the air can move around freely thus increasing the internal heat exchange. The combined effects of convection and moisture can reduce footwear insulation up to 45% (Fig. 3) .
Drying of footwear
Without special means for drying, footwear will often not dry out over night or even over the weekend 78) (Fig. 6 ). In the cases where footwear dryers are not available some other means should be used. Multi-layer PROTECTION OF FEET IN COLD EXPOSURE 249 Fig. 7 . The change in footwear insulation due to sweating for one day (apparent insulation). The water supply was switched on for 8 h (6 h for rubber boot) followed by a 3 h period without water input. Modified from Kuklane et al. 77) .
footwear, from which the insulation layers can be taken out, will dry much better than those without such a feature. Proper socks and/or extra insoles can be used for moisture management 68) . The socks should be changed during breaks or after heavy activity/sweating. In addition to changing socks after heavy sweating, the use of absorbent materials such as newspaper or paper towels inside the footwear or putting the footwear in warm spots with good ventilation and low relative humidity is recommended. 77) .
